Plants often develop the capacity to tolerate moderate and reversible environmental stresses, such as drought, and to re-establish normal development once the stress has been removed. An example of this phenomenon is provided by cut rose (Rosa hybrida) flowers, which experience typical reversible dehydration stresses during post-harvest handling after harvesting at the bud stages. The molecular mechanisms involved in rose flower dehydration tolerance are not known, however. Here, we characterized a dehydration-and abscisic acid (ABA)-induced ferritin gene (RhFer1). Dehydration-induced free ferrous iron (Fe 2+ ) is preferentially sequestered by RhFer1 and not transported outside of the petal cells, to restrict oxidative stresses during dehydration. Free Fe 2+ accumulation resulted in more serious oxidative stresses and the induction of genes encoding antioxidant enzyme in RhFer1-silenced petals, and poorer dehydration tolerance was observed compared with tobacco rattle virus (TRV) controls. We also determined that RhABF2, an AREB/ABF transcription factor involved in the ABA signaling pathway, can activate RhFer1 expression by directly binding to its promoter. The silencing of RhABF2 decreased dehydration tolerance and disrupted Fe homeostasis in rose petals during dehydration, as did the silencing of RhFer1. Although both RhFer1 and Fe transporter genes are induced during flower natural senescence in plants, the silencing of RhABF2 or RhFer1 accelerates the petal senescence processes. These results suggest that the regulatory module RhABF2/ RhFer1 contributes to the maintenance of Fe levels and enhances dehydration tolerance through the action of RhFer1 locally sequestering free Fe 2+ under dehydration conditions, and plays synergistic roles with transporter genes during flower senescence.
INTRODUCTION
Plants respond to dehydration stresses on physiological, biochemical and molecular levels (Bajaj et al., 2000) ; however, they do not passively accept environmental stresses but respond actively to protect themselves from stress damage through the perception of dehydration stress signals, resulting in enhanced expression of related genes to protect themselves from stress damage (Yamaguchishinozaki and Shinozaki, 2006) . Increasing dehydration tolerance is an important strategy in plant adaption through the induction of protective mechanisms against cell damage, such as the synthesis of dehydrins and late embryogenesis-abundant proteins (Verslues et al., 2006) , accumulation of antioxidants and redox-regulating enzymes (Cruz de Carvalho, 2008) , and reconstruction of ionic and osmotic homeostasis (Dorothea and Ramanjulu, 2005) . Increasing tolerance is also critical for plants to survive moderate and reversible stresses. Adaptations to environmental stresses are closely related to, and ultimately contribute to, the maintenance of intracellular ion homeostasis (Shabala and Munns, 2012) . Although great progress has been made concerning the metal ion channels in plant cells (Bird, 2015) , the regulatory mechanism of ion homeostasis during dehydration is not well understood.
Iron (Fe) is an essential micronutrient for plant development and growth. Fe changes its oxidation state (Fe 3+ ↔ Fe 2+ ), participating in biological processes that include respiration, photosynthesis, sulfur assimilation, nitrogen fixation as well as DNA synthesis and repair (Ravet et al., 2009) . Moreover, Fe homeostasis is required by plants for normal growth and survival under abiotic stress conditions. When cellular Fe accumulates to excessive levels, non-coordinated Fe ions catalyze the formation of reactive oxygen species (ROS) via the Fenton reaction, further exacerbating cellular damage (Valko et al., 2005) . Plants sense changes in Fe bioavailability in the cytosol then integrate local and long-distance signaling events to coordinate Fe storage and/or transportation to maintain Fe homeostasis (Gayomba et al., 2015) . In multicellular organisms, Fe balance is maintained by the strict regulation of Fe uptake and storage (Kosman, 2010) . Transport mechanisms regulate the trafficking of Fe from the site of uptake to long-distance sinks, but buffering and transitory storage also participate in maintaining Fe homeostasis in response to environmental challenges (Briat et al., 2010a) . The predominant mechanisms by which plant cells maintain Fe homeostasis under different spatiotemporal stress conditions are unclear, however.
Ferritins are ubiquitous multimeric Fe storage proteins that can store up to 4500 Fe atoms in their central cavity, and are thought to be important for maintaining Fe homeostasis as buffering molecules (Harrison and Arosio, 1996; Ricachenevsky and Sperotto, 2010) . Plant ferritins have been reported as localized in the mitochondria and plastids, where they may buffer free Fe 2+ and make it available in a safe form (Briat et al., 2010a) . Ferritins play a key role for protection against Fe-mediated oxidative stress (Ravet et al., 2009) , and recent research suggests a role for phytoferritins in Fe homeostasis (Chakraborty, 2016) . There are four members of the ferritin family in Arabidopsis thaliana (AtFer1-4), and the expression of AtFer1 and AtFer3 responds to Fe overload, whereas AtFer2 is induced by abscisic acid (ABA; Petit et al., 2001a; Briat et al., 2010b) . Additionally, ROS was observed to accumulate at increased levels in the leaves and flowers of fer1-3-4 mutant plants (Ravet et al., 2009) . Ferritin homologs have also been identified in Oryza sativa (Silveira et al., 2009) , Glycine max (Goto et al., 1999) , Zea mays (Lobreaux et al., 1992) , Pyrus pyrifolia (Xi et al., 2011) and Tulipa gesneriana (Shoji et al., 2010) . Collectively, ferritin gene expression has been reported to be influenced by excessive Fe levels, abiotic stress, phytohormones and oxidative stress, etc. (Briat et al., 2010a) . Moreover, homologous and heterologous overexpression of ferritins in plants indicates that they participate in physiological programs, such as response to oxidative stresses, photoinhibition and nutrition distribution (Murgia et al., 2001; Vasconcelos et al., 2003) . Plant ferritins may exert an appropriate control of the quantity of metal required for metabolic purposes by buffering Fe 2+ levels (Briat et al., 2010a,b) . The regulation of ferritin gene expression has been reported, involving either the interaction of Fe with iron-dependent cis-regulatory elements (IDRSs) in the ferritin promoter that function in the repression and/or activation of ferritin gene expression in response to Fe stress (Petit et al., 2001a; Tarantino et al., 2003) , or involving exogenous ABA, which upregulates the expression of AtFer2 and its maize ortholog, ZmFer2 (Lobr eaux et al., 1993; Briat et al., 2010b) . The regulatory mechanism controlling the expression of ferritin genes remains unclear, however, especially at the cellular and molecular levels. We previously described the expression of ferritin genes in rose (Rosa hybrida), one of the most economically important ornamental crops worldwide (Dai et al., 2012) . Cut roses, commercially harvested at the bud stage, typically undergo long-distance transportation from the production area to consumers (Hu et al., 1998) . Moreover, they are extremely susceptible to dehydration, resulting in abnormal flower opening or in a failure to open (Jin et al., 2006) . Roses can develop a tolerance of moderate and 'shock-like' dehydration stresses that ensures flower opening after rehydration (Jin et al., 2006) ; however, the molecular mechanism of dehydration tolerance is largely unclear. We found that ferritin gene expression in rose petals was high after 24 h of dehydration, and then decreased following rehydration (Dai et al., 2012) , suggesting that ferritin-mediated Fe homeostasis is involved in dehydration tolerance in rose flowers. In this current study, we describe the functional characterization of the rose ferritin gene, RhFer1, and its role in regulating Fe homeostasis, and consequently dehydration tolerance in petals. We also report the identification of an AREB-binding bZIP transcription factor (TF), RhABF2, which induces RhFer1 expression.
RESULTS
The expression of ferritin genes in cut rose flowers is substantially induced by dehydration and ABA treatment
In our previous analysis, we identified a rose ferritin gene (JK616449) that exhibited a five-or 20-fold increase in expression in petals after 12 and 24 h of dehydration, respectively, and a sharp decrease after 12 h of rehydration, compared with the control (Dai et al., 2012) . As ferritins are known to act as buffers against Fe deficiency or Fe overload, and to be involved in the intracellular control of Fe trafficking and homeostasis (Harrison and Arosio, 1996) , we hypothesized that the Fe homeostasis mediated by the ferritins in petals confers dehydration tolerance in rose flowers. To test the possible mechanism by which the ferritin genes are involved in dehydration tolerance, we first cloned the full-length JK616449 gene. We obtained 1113-bp cDNA with an 807-bp open reading frame (ORF), encoding a polypeptide of 268 amino acids. Phylogenetic analysis indicated that the rose ferritin protein was highly homologous to A. thaliana AtFer1 ( Figure S1 ), and so the rose gene was renamed RhFer1. Sequence alignment analysis further suggested that RhFer1 contains a plant-specific extension peptide. As with other plant ferritins, RhFer1 is predicted to have conserved amino acid residues that are required for ferroxidase activity and conserved E residues, which are responsible for effective nucleation and Fe core stability ( Figure S2 ). To confirm the induction of RhFer1 expression in rose flowers in response to dehydration, the expression profiles of RhFer1 in attached/detached dehydrated petals, or petals subjected to exogenous ABA were analyzed using quantitative RT-PCR (qRT-PCR). We observed that RhFer1 expression increased substantially after 24 h of dehydration in both attached and detached petals, but returned to control levels after 12 h of rehydration (Figure 1a, b) . Exogenous ABA promoted RhFer1 expression, indicating that ferritin accumulation is ABAresponsive ( Figure 1c ). This idea was supported by the observation that ABA levels increase in rose petals under dehydration conditions (Figure 1d ).
Ferritins buffer high Fe concentrations in rose flowers during dehydration
To examine Fe homeostasis in rose petals, we measured the change in relative Fe concentration during dehydration. In rose petals during dehydration, the relative Fe concentration increased significantly after 12 h of dehydration (Figure 2a ), as in Engel et al. (2012) . No obvious change in staining intensity of the petals was observed during 24 h of dehydration (Figure 2b) , showing that although high levels of Fe are present during dehydration, there is no concomitant increase in free Fe 2+ . We considered that this might be linked to increased storage by ferritins induced by dehydration.
An alternative strategy to minimize free Fe 2+ accumulation is for it to be transported and sequestrated in vacuoles and the apoplast. To investigate this possibility, we first investigated subcellular Fe localization in rose petals and found that Fe accumulated in the vascular bundles and cell cytoplasm, but not in the vacuole (Figure 2c ). The levels of apoplastic free Fe 2+ showed no significant change in petal cells during the 24-h dehydration period (Figure 2d ). We further examined the expression patterns of five Fe-transport genes in detached/attached rose petals. qRT-PCR analysis showed that the expression of RhYSL3 (KY274152), RhOPT3 (KY274153) and RhVIT1 (KY274156) was lower during dehydration in rose petals. RhIRT3 (KY274154) showed relatively stable expression and, of the genes tested, only RhNRamp3 (KY274155), which functions in the transport of Fe from vacuoles to the cytoplasm, increased during dehydration ( Figure S3 superoxide dismutase and catalase (Ravet et al., 2009) . To obtain additional evidence that free Fe 2+ accumulated in the petal cells in response to dehydration, we investigated ROS levels by measuring the H 2 O 2 content of petal cells. We observed no increase in H 2 O 2 levels during 24 h of dehydration ( Figure 2e ). We also examined the transcript levels of several RhCAT, RhAPX and RhGR genes and enzyme activities. Most of the genes and their enzyme activities showed no obvious induction, except RhCAT4, RhGR2 and RhGR4, which showed a slight increase (1.5-to 2.0-fold; Figure S4 ). These results suggest that oxidative stress was not induced as a consequence of the elevated Fe concentration in rose petal cells. As oxidative stress did not occur concomitantly with the higher Fe concentration in rose petal cells within 24 h of dehydration, we concluded that Fe levels were maintained through ferritin buffering and not by transport to vacuoles or the apoplast.
RhFer1 modulates the Fe levels important for dehydration tolerance in rose flowers
To determine the potential role of RhFer1 in dehydration tolerance in rose petals, we silenced its expression in rose petal discs using virus-induced gene silencing (VIGS). We chose the specific 3 0 end region of RhFer1 to construct a tobacco rattle virus (TRV)-RhFer1 vector for gene silencing, and measured the percentage of fully expanded petal discs to assess rehydration ability after dehydration, as described by Dai et al. (2012) . After infiltrating the discs with Agrobacterium tumefaciens containing TRV-RhFer1, and RhFer1 transcript abundance was confirmed to be lower ( Figure S5a ), the infiltrated petal discs were dehydrated for 12 h and then rehydrated for 24 h ( Figure 3a) . After 6 or 12 h of rehydration, 13 and 48% of the petal discs recovered, respectively, compared with only 29 or 69%, respectively, of discs from the TRV controls (Figure 3b) . Similarly, the recovery of fresh weight of the RhFer1-silenced rose petal discs was 57 and 65%, respectively, compared with only 67 and 74%, respectively, in the TRV controls ( Figure 3c ). Taken together, these results indicated that the silencing of RhFer1 decreased the dehydration tolerance of rose petals. Analysis of Fe homeostasis in the RhFer1-silenced rose petals showed Fe concentrations were similar between RhFer1-silenced rose petals and those of the TRV control (Figure 3d ), whereas in vivo staining of ferrous Fe (Fe  2+ ) revealed more free Fe 2+ in the silenced petals compared with the TRV controls (Figure 3e ), suggesting that Fe homeostasis was disturbed because of the lack of ferritin buffering in the RhFer1-silenced petals. The presence of increased levels of free Fe 2+ was also suggested by the observation that the H 2 O 2 concentration was higher (Figures S5b and S3f) , and the gene expressions and activities of ROS-scavenging enzymes were induced more in RhFer1-silenced petals than in those of the control ( Figure S5c, d ).
RhFer1 expression is RhABF2-dependent in dehydrated rose petals
Abscisic acid (ABA) has been reported to be involved in the Fe-induced synthesis of ferritin (Lobr eaux et al., 1993; Petit et al., 2001b) . We investigated the regulatory mechanism of RhFer1 in rose flowers by cloning a 1734-bp upstream region of the RhFer1 to identify putative cis-acting regulatory elements in the promoter, using PLACE (Higo et al., 1999) . The cis-elements in the RhFer1 promoter were annotated, and we identified ABA-, cold-, pathogen-and wounding-responsive elements, as well as a typical IDRS element ( Figure S6 ). We also found three ABRE-related motifs (ACGTGG/TC), suggesting that RhFer1 may be involved in an ABA signaling pathway.
In a previous study, we identified three members of the AREB/ABF TF family, of which JK618281 was induced by dehydration (Dai et al., 2012) . To test the hypothesis that RhFer1 acts downstream of the RhABF protein(s) in rose petals, we silenced each of the three RhABF genes. Of the three RhABF-silencing petals, RhFer1 expression was only downregulated in the JK618281-silenced ones (Figures 4a  and S7 ). We next cloned the full-length JK618281 sequence, revealing an ORF of 1323 bp, predicted to encode 440 amino acids. A phylogenetic comparison of JK618281 with AREB/ABF proteins from A. thaliana indicated that it is a close homolog of AtABF2 ( Figure S8 ), and so JK618281 was renamed RhABF2. The deduced RhABF2 protein contains a basic region near its C terminus and a typical highly conserved leucine zipper domain ( Figure S9 ).
To further investigate the possible regulatory mechanism of RhFer1, an electrophoresis mobility shift assay (EMSA) was performed to test the binding of RhABF2 to the RhFer1 promoter. The 36-bp sequence fragment spanning positions À195 to À230 of the RhFer1 promoter was used as a probe. The probe contained the predicted ABRE cis-element ACGTGT, which is similar to the binding sequence of other ABF TFs (ACGTGG/T; Ji et al., 2013) . A recombinant RhABF2 fusion protein with a glutathione-S- transferase tag (GST-RhABF2) was purified from Escherichia coli, and then co-incubated and electrophoresed with biotin-labeled and/or non-labeled probe. A DNA-binding band was detected only upon addition of GST-RhABF2 and labeled DNA probes (Figure 4b ).
To test for a possible interaction between RhABF2 and the RhFer1 promoter in vivo, we performed a yeast onehybrid assay. The RhFer1 promoter (À1 to À993) was used to drive the expression of the lacZ reporter gene. The recombinant RhABF2 fusion protein with the yeast GAL4 activation domain (GAD-RhABF2) was created as an effector. GAD-RhABF2 fusion proteins, but not GAD alone, were observed to bind to the RhFer1 promoter (Figure 4c) .
We also tested the activation effects of RhABF2 on RhFer1 expression in tobacco leaves by site-directed mutagenesis of the cis-element in the RhFer1 promoter (Figure 4d) . When the Super1300:RhABF2 effector construct and the Pro RhFer1 :GUS (b-glucuronidase) reporter construct were transformed into tobacco leaves, GUS activity was significantly higher than in the controls. In contrast, sitedirected mutagenesis of the RhFer1 promoter repressed RhABF2 activation, as the GUS activity decreased sharply.
Taken together these data indicate that RhABF2 is capable of directly regulating RhFer1 expression by binding to the RhFer1 promoter.
RhABF2 is involved in Fe homeostasis during dehydration
As RhFer1 functions to buffer the excess free Fe 2+ during dehydration, we investigated the role of RhABF2 in Fe homeostasis and dehydration tolerance by silencing RhABF2 in rose petal discs using the VIGS approach. Specifically, we selected to construct the TRV-RhABF2 vector. Petal discs were infiltrated with A. tumefaciens containing the TRV-RhABF2 vector, containing the RhABF2-specific 3 0 untranslated region (3 0 -UTR; 468 bp), resulting in an~80% decrease in RhABF2 expression compared with the TRV controls ( Figure S10a) . After 12 h of dehydration, petal discs were rehydrated for 24 h (Figure 5a ), and the recovery rate was observed to be 15 and 49%, respectively, in RhABF2-silenced petal discs, compared with 36 and 67%, respectively, in the TRV control after 6 and 12 h of rehydration (Figure 5b) . Similarly, the fresh weight in the TRV controls returned to 55 and 62%, respectively, of their initial values, but were still only 45 and 54%, respectively, in the RhABF2-silenced petal discs (Figure 5c ). Taken (a) RhFer1 expression in RhABF2-silenced petals. RhABF2 was silenced in petals by VIGS, and petals were dehydrated for 12 h. TRV was used as a negative control, and RhUBI1 was used as an internal control (n = 3). (b) Interaction between GST-RhABF2 and the biotin-labeled probe on a native PAGE gel. The oligonucleotide sequence of the region from À195 to À230 of the RhFer1 promoter was used as a probe. The core sequences are underlined. Purified protein (3 lg) was incubated with 25 pM of the biotin-labeled wild-type probe. Non-labeled probe at various concentrations (10-100-fold) was added for the competition test. together, these results suggest that RhABF2 is involved in dehydration tolerance in rose petals.
As RhABF2 regulates RhFer1 expression in rose petals, we investigated whether RhABF2 influences Fe homeostasis during dehydration. Although the relative Fe concentration showed no difference between RhABF2-silenced and control petals (Figure 5d ), in vivo staining of ferrous Fe (Fe 2+ ) showed a higher staining intensity in RhABF2-silenced petals than in the TRV controls (Figure 5e ), suggesting a higher concentration of free Fe 2+ in the RhABF2-silenced petals. We also evaluated ROS production and found that H 2 O 2 levels were higher in the silenced petals (Figures S10b and S5f), together with a more substantial induction of gene expression and activity of ROSscavenging enzymes than in the control ( Figure S10c ).
The RhABF2/RhFer1 module participates in the maintenance of Fe levels during senescence in rose flowers
Plants are known to recycle nutrients from senescing organs and to mobilize them to developing tissues (Himelblau and Amasino, 2001). We therefore examined the roles of the RhABF2/RhFer1 module in maintaining Fe homeostasis during the senescence of rose flowers on the plants. The opening index of rose flowers defines stages 1-4 as flower opening, whereas stages 4-6 correspond to flower senescence (Ma et al., 2005) . We found that ABA production was induced at the flower senescence stages, and that the expression levels of both RhABF2 and RhFer1 were considerably higher at stages 4-6 than at stage 2. In addition, expression of the four Fe transporter genes, RhYSL3, RhOPT3, RhIRT3 and RhNRamp3, but not RhVIT1, increased sharply during flower senescence (Figure 6a ). To investigate the potential roles of RhABF2 and RhFer1 in rose flower senescence, we observed the senescence phenotypes of RhABF2-or RhFer1-silenced petal discs. In the RhABF2-or RhFer1-silenced petal discs, color started to fade after 5 days, and the discs were almost pink at day 10 after silencing. In contrast, the TRV control discs exhibited a clear delayed senescence phenotype, with only slight color fading at 10 days (Figure 6b ). Moreover, relative ion leakage and expression of the senescence-associated gene, RhSAG12, were significantly higher in the RhABF2-or RhFer1-silenced petal discs than in the TRV control discs ) in RhABF2-silenced rose petals. Fe 2+ localization was determined as described in Figure 2 (b). (f) H 2 O 2 contents in RhABF2-silenced rose petals. All asterisks indicate statistically significant differences (*P < 0.05, Student's t-test). [Colour figure can be viewed at wileyonlinelibrary.com].
( Figure 6c, d) , suggesting that the RhABF2/RhFer1 module participates in the maintenance of Fe homeostasis during rose flowers senescence.
DISCUSSION Ferritin Fe buffering is required for dehydration tolerance of cut roses under reversible stress conditions
Plants have developed two main strategies to adapt to adverse environments: stress tolerance or stress avoidance (Khan et al., 2014a) . When plants are subjected to irreversible and lethal drought stresses, they generally accelerate the transition from vegetative growth to reproductive growth (Cramer et al., 2011) , organ abscission (Atkinson et al., 2014) and nutrition recycling (Kutman and Cakmak, 2011) . Plants may instead develop tolerance of reversible and moderate stresses to insure recovery from stress, however. Cut rose flowers, harvested at the bud stage, typically undergo long-term transportation from production areas to consumers worldwide (Hu et al., 1998) . Dehydration stresses occur during post-harvest transportation resulting in detrimental effects on flower quality (Jin et al., 2006) , so from a commercial standpoint, it is critical that cut roses develop some tolerance to moderate stresses. In this study, we elucidated the function of ferritin genes in buffering the Fe homeostasis in cut rose flowers under reversible dehydration conditions. Iron (Fe) is an essential micronutrient for plant development and growth. Fe deficiency in plants inhibits plant growth and yield, whereas Fe is toxic when present in excess (Becker and Asch, 2005; Fageria et al., 2008) . Accordingly, plants have developed elaborate systems to control cellular and intercellular Fe concentration and avoid potential toxicity (Connolly and Guerinot, 2002) . Ferritins are believed to play an important role in this process (Reyt et al., 2015) . We identified an ABA-and dehydrationinduced rose ferritin gene RhFer1, the expression of which showed a clear decrease after 12 h of rehydration following a dehydration treatment (Figure 1 ). RhFer1 accumulation was consistent with the increase in Fe concentration in petal cells; however, no increase in free Fe 2+ accumulation was observed in dehydrated petal cells (Figure 2 ). High levels of Fe are also known to result in increased ROS production and an increase in oxidative stress responses ( Ravet et al., 2009) , and a connection between Fe and ROS has also been reported in A. thaliana ferritin mutants (Briat et al., 2010b (Shi et al., 2012) , and during developmental processes, or in response to environmental challenges, buffering and transitory storage of Fe are also factors in maintaining Fe homeostasis (Ricachenevsky and Sperotto, 2010) . In our study, the dehydration that occurs in cut rose flowers during post-harvest handling corresponds to 'shock-like' stress. To ensure flower opening after marketing transportation, Fe homeostasis is critical during both dehydration and rehydration after release from the stress. RhFer1 accumulation is responsive to the dehydration-induced increase in Fe concentration in rose petals (Figures 1 and  2) , and the free excess Fe is locally stored by RhFer1, and serious oxidative stresses are avoided (Figures 2 and S4) . The free Fe mainly accumulated in the vascular bundles and cytoplasm, but not in the vacuole, and we saw no change of apoplastic free Fe 2+ in petal cells during 24 h dehydration (Figure 2c, d) . These results were consistent with the observation of a lack of activation of Fe transportation genes under dehydration-induced Fe excess, both in detached and attached rose petals, during a 24-h dehydration period (Figure S3) . Our results were similar to those obtained with the flowers of atfer1-3-4 plants, which showed no induction of Fe transporter genes under more intense Fe/redox stress conditions (Sudre et al., 2013) .
Nutrient mobilization during senescence has been observed in many plant species (Himelblau and Amasino, 2001) . We saw that both RhABF2 and RhFer1 are induced during the natural on-plant senescence of rose flowers, and that the four tested Fe transporter genes are induced at flower opening stages 4-6 (Figure 6a ). This indicates that ferritin genes function synergistically with transporter genes to maintain Fe homeostasis during flower senescence. The involvement of RhABF2 and RhFer1 in flower senescence was also confirmed in RhABF2-or RhFer1-silenced petals, in which petals show faster color fading compared with the control (Figure 6b-d) . There is growing evidence that ABA promotes plant organ senescence (Lee et al., 2011) and that the level of endogenous ABA increases during leaf senescence in many plant species (He and Wasaki, 2005) , as well as in senescing rose petals (Figure 6a ; Kumar et al., 2008) . Our results provide additional evidence for the regulatory role of ABA in organ senescence, and we conclude that cut rose flowers maintain intercellular Fe levels in petals through storing and sequestering Fe by ferritins during the 'shock-like' dehydration-rehydration process, whereas ferritins play synergistic roles with transporter genes in senescing petals (Figure 6 ).
RhABF2 positively regulates RhFer1 to maintain Fe levels during dehydration and senescence in rose flowers
The expression of plant ferritin genes is influenced by excess Fe, as well as by pathogen attack, photoinhibition, ABA and oxidative stress (Xi et al., 2011; Chakraborty, 2016) . For example, AtFer1 expression is transcriptionally induced in response to Fe excess treatments (Petit et al., 2001a) . The IDRS cis-element has been reported to affect ferritin gene expression under stresses (Petit et al., 2001b; Tarantino et al., 2003) , and bioinformatic analysis of a range of plant ferritin genes revealed several conserved short sequences that might play a role in signaling pathways (Strozycki et al., 2010) . The regulatory mechanism controlling ferritin gene expression in response to dehydration is still unknown, however.
Dehydration and senescence result in increased ABA levels in rose petals (Figures 1d and 6a ; Borohov et al., 1976; Kumar et al., 2008) , and ABA is widely accepted to induce ferritin gene expression (Lobr eaux et al., 1993; Petit et al., 2001a) , which is consistent with our observation that ABA induced RhFer1 expression (Figure 1c) . Moreover, we found three canonical ABRE-related motifs (ACGTGG/TC) as well as one IDRE in the RhFer1 promoter ( Figure S6 ). The ABRE cis-elements are also conserved in ferritin promoter regions of different species (Table S1 ). AREB/ABF proteins function as TFs in the ABA signaling pathway (Yoshida et al., 2010) , and are known to preferably bind ABRE motifs and transactivate ABA-responsive gene expression (Choi et al., 2000) . RhFer1 expression was clearly reduced in RhABF2-silenced petals (Figure 4a ). The binding of RhABF2 to the ABRE motifs in the RhFer1 promoter was then confirmed both in vitro and in vivo (Figure 4b-d) . Fe 2+ accumulated to higher levels in RhABF2-silenced petals than in the TRV controls, and the silencing resulted in an induction of ROS levels ( Figures 5  and S10 ). Ethylene can affect Fe accumulation in plant tissues, and influences ferritin gene expression in Arabidopsis roots (Li et al., 2015) . Ethylene was also reported to alter Fe acquisition and homeostasis by inducing the expression of OsYSL15 and OsIRT1 in rice (Wu et al., 2011) . In rose flowers, no obvious increase of ethylene production was observed in dehydrated rose flowers at stage 2 (Liu et al., 2013) . ABA concentration correlates with increased ethylene production in senescing flowers. We proposed a model where ethylene affects senescence in rose petals by inducing an increase in ABA activity, which in turn may control ethylene synthesis via a feedback mechanism (Mayak and Halevy, 1972; Kumar et al., 2008) . In this study, we determined that an ethylene response element (GCCbox) present in the promoter of AtFer1 is not present in the RhFer1 promoter ( Figure S6a ). Based on these results, we suggest that ethylene influences Fe homeostasis via interaction with ABA during rose petal senescence. We conclude that the RhABF2/RhFer1 regulatory module is involved in the buffering of free Fe 2+ induced by dehydration and senescence, and that RhABF2 regulates RhFer1 to maintain Fe levels during both dehydration and senescence in rose flowers (Figure 7 ).
EXPERIMENTAL PROCEDURES Plant material and growth conditions
Rosa hybrida cv. 'Samantha' flowers were harvested at the opening stages 2, 4, 5 and 6 (Ma et al., 2005) , placed in deionized water and transferred to the laboratory within 2 h. Stems were re-cut under water to 25-cm length, and uniform flowers were selected and kept in deionized water until further processing. For ABA treatments, rose stems (~25 cm, opening stage 2) were placed into a vase containing 100 lM ABA in 0.1% ethanol for 24 h. Nicotiana benthamiana plants were grown in pots in a growth chamber at 23°C with a 16-h light/8-h dark photoperiod and~60% relative humidity.
Dehydration treatment of rose flowers and ABA measurements
Flowers at flower opening stage 2 were used for dehydration experiments. Petals and petal discs were placed horizontally on the bench for 6, 12 and 24 h in a climate-controlled room at 23°C, 40-50% relative humidity and under continuous light with intensity of 140 lmol m À2 s
À1
. The petals and discs of flowers were collected and frozen at À80°C for RNA isolation.
Endogenous ABA was extracted and quantified in dehydrated or naturally senescing petals, as described by Pan et al. (2010) . The sample was extracted using 0.5 ml of solvent and ABA was detected by high pressure liquid chromatography electrospray ionization tandem mass spectrometry (HPLC-ESI-MS/MS).
Gene cloning and plasmid construction
Detailed descriptions are supplied in Appendix S1. Briefly, the full lengths of RhFer1 and RhABF2 were amplified and subcloned into the pGEM T-Easy Vector (Promega, https://www.promega.com) and then transformed into E. coli DH5a cells and sequenced. For construction of the RhFer1 and RhABF2 VIGS vector, the 303-and 468-bp fragments from the 3 0 end of RhFer1 and RhABF2, respectively, were amplified. The pTRV2-RhFer1 and pTRV2-RhABF2 constructs were generated as described previously (Dai et al., 2012) . The pGEX-4T-2 vector was used to generate the GST-RhABF2 fusion protein for EMSA assays. For the yeast one-hybrid assay, the GAD-RhABF2 and P RhFer1 :LacZ constructs were used. For the transient activation assay in tobacco leaves, the RhABF2 ORF was inserted into a modified binary pCAMBIA 1300, and the GUS reporter gene driven by the RhFer1 promoter (P RhFer1 :GUS) was also generated. The resulting constructs were transformed into A. tumefaciens strain GV3101 and then introduced into N. benthamiana plant leaves (Tian et al., 2014) .
Silencing of RhFer1 and RhABF2 in rose petals by VIGS
The silencing of RhFer1 and RhABF2 by VIGS was performed according to Dai et al. (2012) . Briefly, the pTRV1, pTRV2, pTRV2-RhFer1 and pTRV2-RhABF2 vectors were transformed into A. tumefaciens GV3101, and the transformed A. tumefaciens lines were cultured for 12 h in Luria-Bertani (LB) medium. The cultured cells were harvested and suspended in the infiltration buffer to a final OD 600 of approximately 1.5. A mixture of cultures containing Figure 7 . A proposed model of RhABF2/RhFer1 involved in dehydration tolerance and senescence by the maintenance of Fe homeostasis. The cut rose flowers harvested at young stages are exposed to dehydration stress, which will induce abscisic acid (ABA) accumulation and the expression of RhABF2. RhABF2 directly activates the ferritin gene RhFer1, resulting in the maintenance of Fe homeostasis to enhance dehydration tolerance and ensure the quality of flower opening after rehydration. In senescing rose flowers the RhABF2/RhFer1 module is also involved in the maintenance of Fe homeostasis via the interaction of ABA and ethylene. RhFer1 plays synergistic roles with Fe transporter genes to maintain Fe homeostasis and delay flower senescence. Black lines indicate the signaling pathway for dehydration stress via the RhABF2/RhFer1 regulatory point in young rose petals, whereas red lines indicate the RhABF2/RhFer1 regulatory step in senescing rose flowers. [Colour figure can be viewed at wileyonlinelibrary.com].
1:1 (v/v) of pTRV1 and pTRV2 were used as a TRV control, pTRV1-and pTRV2-RhFer1 or pTRV1-and pTRV2-RhABF2, were used as TRV-RhFer1 and TRV2-RhABF2, respectively. The mixtures were placed at room temperature in the dark for 4-6 h before vacuum infiltration. Discs of 1 cm in diameter were collected from the center of the petals. Vacuum infiltration was performed at 0.7 MPa for 15 s by immersing rose petals or discs in the bacterial suspension solution. The fresh weight was determined and the phenotypes of the petal discs were photographed daily after VIGS treatment. For RNA isolation, petals and discs were kept in deionized water at 23°C until sampling.
Relative Fe concentration measurement and in vivo staining of Fe
2+
Relative Fe concentrations of dehydrated or VIGS-treated rose petals were determined as described by Bournier et al. (2013) . For the localization of Fe 2+ , petals were excised, rinsed three times with 10 mM EDTA and ultrapure water (18.2 Milli-Q cm À1 ), respectively. The petals were transferred to 5 mM 2,2 0 -bipyridine in 50 mM Tris/acetate, pH 5.6. Vacuum infiltration was performed by immersing rose petals in the staining buffer and infiltrating under a vacuum at 0.7 MPa for 15 s. Then rose petals were incubated for 6 h under permanent light (300 lmol m À2 s
À1
) at 30°C (Engel et al., 2012) . After staining, anthocyanin was removed from the petals by incubation in methanol/chloroform/acetic acid (6:3:1) for 12 h at room temperature (22 AE 2°C). Samples were photographed with a Nikon D200 camera with a micro lens (AF-S VR 105 mm f/ 2.8G IF-ED; Nikon, http://www.nikon.com). Pixel intensity was quantified using PHOTOSHOP CS6 (v13.0), and a higher intensity of pixels indicates less Fe 2+ accumulation. The concentration of apoplastic iron in rose petal was determined as described by Nikolic and R€ omheld (2002) .
The subcellular Fe localization in rose petals was investigated by histochemical staining using a Perls/DAB procedure (Roschzttardtz et al., 2013) . Briefly, rose petals were fixed, embedded in wax and cut into sections (4 lm). After incubation in Perls staining solution for 45 min, the sections were subjected to DAB intensification. Samples were viewed and recorded with an Olympus IX73 inverted fluorescence microscope (Olympus, https://www.olym pus-global.com).
Purification of recombinant protein and EMSA
EMSA assays were performed as previously described (L€ u et al., 2014) . Briefly, the GST-RhABF2 fusion protein was induced in 100 ml cultures of transformed E. coli BL21 cells by adding isopropyl b-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.2 mM, and the cultures were incubated at 30°C for 6 h. The recombinant protein was purified with Glutathione Sepharose 4B beads (GE Healthcare, Piscataway, NJ, USA, http://www.gelifescie nces.com.cn), according to the manufacturer's instructions. EMSA was performed using the LightShift chemiluminescent EMSA kit (Pierce, now ThermoFisher Scientific, Rockford, IL, USA, https:// www.thermofisher.com), according to the manufacturer's instructions. The biotin-labeled DNA fragments (5 0 -CTACACGAGGTCGC-CACACGCCAATCCACGTGTCGA-3 0 ) were synthesized, annealed and used as probes, with unlabeled DNA of the same sequence used as a competitor.
Transient activation assay in tobacco leaves
Transient activation assays were performed as described previously (Nishiuchi et al., 2004) . Briefly, a mixture of A. tumefaciens cultures containing 1:1 (v/v) of P RhFer1 ::GUS and Super::RhABF2-GFP, P mRhFer1 ::GUS and Super::RhABF2-GFP or P RhFer1 ::GUS, Super::GFP and P RhFer1 ::GUS, Super::GFP and P mRhFer1 ::GUS, were injected into 5-week-old N. benthamiana leaves using a 1-ml needleless syringe. After 3 days, tobacco leaf discs of 1 cm in diameter were collected and incubated in GUS staining buffer at 37°C overnight. After staining, chlorophyll was removed with 95% (v/v) ethanol at 37°C for 4 h. The phenotypes were recorded using a Nikon D200 camera. The measurement of GUS activity was performed as previously describred (L€ u et al., 2014) .
The measurements of relative Fe concentration, apoplastic Fe content and H 2 O 2 content, ABA and ion leakage quantification, qRT-PCR analysis, GUS activity assay, more detailed descriptions for Perls/DAB staining, VIGS experiments and the yeast onehybrid assay are described in Appendix S1. All primer sequences used in this study are listed in Table S2 .
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